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ABSTRACT
A new measurement method is suggested that is capable of probing the shear and dilational
interfacial rheological responses of small droplets, those of size comparable to real emulsion
applications. Freely suspended aqueous droplets containing surfactant and non-surface-active
tracer particles are transported through a rectangular microchannel by the plane Poiseuille flow
of the continuous oil phase. Optical microscopy and high-speed imaging record the shape and
internal circulation dynamics of the droplets. Measured circulation velocities are coupled with
theoretical descriptions of the droplet dynamics in order to determine the viscous (Boussinesq)
and elastic (Marangoni) interfacial effects. A new Marangoni-induced stagnation point is
identified theoretically and observed experimentally. Particle velocimetry at only two points
(including gradients) in the droplet is sufficient to determine the amplitudes of the dilational and
shear responses. We investigate the sensitivity for measuring interfacial properties and compare
results from droplets stabilized by a small-molecule surfactant (butanol) and those stabilized by
relatively large block copolymer molecules. Future increased availability of shear and dilational
interfacial rheological properties is anticipated to lead to improved rules of thumb for emulsion
preparation, stabilization, and general practice.
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1. INTRODUCTION
Surfactants are added to fluids in order to modify interfacial properties: reduce interfacial
tension, induce Marangoni elasticity, and introduce viscoelastic properties to the interface. Such
changes have dramatic impact on emulsion properties. They make or break emulsion stability.
Of these properties, interfacial rheology is the least studied, yet it is known to significantly retard
droplet coalescence.[1,2] Improved measurement techniques for interfacial rheology should
advance understanding of its effect on emulsion performance. Here we suggest a new interfacial
rheology method that tests small droplets directly, those of size comparable to real emulsion
applications.
Interfacial rheology[3] is challenging theoretically and experimentally; theoretically, the
boundary conditions at the interface are complex (including shape, motion, tension, and
surfactant concentration) and unknown a priori. Experimentally, dilational and shear properties
are both relevant, yet not readily accessible.[4] Generally, different techniques are required for
each property: ring[5], needle[6,7], and bicone[8] geometries for shear; and pendant droplet,
capillary wave, and Wilhelmy techniques for dilation.[9,10]
To examine small droplets, microfluidic technology presents various advantages. Microfluidic
devices offer rapid, steady droplet production, and multiple fluid inlets allow for high-throughput
capability. Furthermore, the channel geometry can be altered easily to prescribe the desired
flow. In past work, microfluidic devices similar to those employed here were used to measure
the interfacial tension of multicomponent immiscible liquids[11] and probe mass transport and
interfacial kinetics from droplets during a liquid-phase extraction process.[12]
A suspended droplet in flow travels at a velocity that is intermediate to neighboring velocities
in the surrounding fluid, thus causing the droplet fluid to circulate. Due to the spherical nature of
droplets, the natural language for their internal circulation and interfacial dynamics is vector
spherical harmonics, which importantly form two types: an area element on the surface of the
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area. Dilational types of course involve
sphere deforms either with or without changing area
contraction or expansion of an area element, whereas shear types involve only a change in shape.
shape
By flowing dropletss through a microchannel, we excite behavior of each type (shown
schematically in Fig. 1b and c),
), and their magnitudes directly indicate the respective dilational
and shear properties of the interface
interface. For a droplet on the centerline
line of plane Poiseuille flow
f
(illustrated in Fig. 1a),, the circulation relative to the droplet center is a type of fountain flow.
flow
Theoretical analysis, described in our recent article
article,[13] concludes that velocimetry at only two
points in the droplet is sufficient to determine the ampli
amplitudes
tudes of the dilational and shear behavior.
behavior
(A similar analysis of vesicular spherical caps in flow attached to a solid surface also points to
this method of measuring interfacial vi
viscosity.[14]) In this paper, we explore
plore Marangoni effects
and demonstrate theoretically that they too can be determined by measuring
easuring the velocity gradient
at one of these points. We carry out such measurements and compare to new theoretical
predictions.

Fig. 1. Experimental geometry to measure the internal circulation of a droplet (radius, a) by
particle velocimetry. (a) A plane Poiseuille flow (with velocity along x and velocity gradient
along y)) is setup within a rectangular microchannel
microchannel. A droplet in the center
nter of this flow samples
different flow rates in its surroundings, and internal circulation patterns are established.
established These
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are (b) dilational (area- compressible), where fluid in the center of the droplet advances to the
leading nose and returns to the rear about the periphery, and (c) shear (area-incompressible),
where the interface experiences only shear and the fluid in the center is motionless (illustrated
schematically here in the droplet frame of reference). (d) Velocimetry is carried out primarily at
three points: A, B and C. The viewpoint for the following images is in the y-direction. (e) Image
of the x-z mid-plane (y = 0) of a water/ethylene glycol droplet (a = 49 µm) in silicone oil, an
“index-matched” system. (f) Image of the x-z mid-plane (y = 0) of a water droplet (a =52 µm) in
mineral oil. (g) Image of the x-z plane at the top (y = -a) of the water droplet in mineral oil.
Note that the droplet edge in (g) is out of focus.

2. EXPERIMENTAL METHODS
To accomplish these measurements, optical microscopy and high-speed imaging record the
shape and internal circulation dynamics of droplets in plane Poiseuille flow through a rectangular
microfluidic channel.

2.1 Materials
In this study, solutions of ethylene glycol (from J. T. Baker‡) and distilled water containing
various concentrations of surfactant were prepared for use as the droplet phase; silicone oil
(Gelest T22) was used as the continuous phase. The ethylene glycol/water mixtures were
prepared in either a 40/60 or 50/50 mass ratio to achieve a desired refractive-index contrast to the
silicone oil phase. Two surfactants were investigated: a small molecule alcohol surfactant – nbutanol (Mallinckrodt) at (0.70, 1.7, 3.4, and 6.8) % mass fraction; and a diblock copolymer
surfactant – poly(dimethyl siloxane -b- ethylene oxide) at (0.1 and 1.0) mmol/L concentrations
(Polysciences, Inc., 3000 g/mol, 80 % mass fraction ethylene oxide). Polystyrene spheres (2 µm
diameter, Polysciences, Inc.) were added to the droplet phase in concentrations less than 0.2 %
mass fraction to serve as tracer particles for the velocimetry measurements. All materials were
used as received. The viscosities of the oil and aqueous phases are approximately (200 and 2)
mPa-s at 23 °C, respectively.
Consistent with these surfactants, we assume the interface is always fluid. Therefore, our
theoretical analysis does not consider solid or viscoelastic material at the interface. At a high
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enough rate, polymeric surfactants may eventually be viscoelastic, but here the interfacial
deformation rates are less than 10 s-1, as noted below.

2.2 Microchannel design
Microfluidic channels were fabricated using soft lithography and poly(dimethylsiloxane)
replication as described elsewhere.[11,12,15,16] Microfluidic devices were mounted on an
Olympus IX71 inverted microscope fitted with an automated translating XY stage (Prior H107).
Fluid was driven by micro-stepping syringe pumps (New Era), capable of delivering fluid with
accuracy better than 0.1%. Aqueous droplets were formed at a T-junction and promptly enter the
microfluidic channel. There are two inlets for the aqueous phase and several inlets for the oil
phase, allowing for control of the droplet position (in three dimensions) and speed in the
channel.[12] Because of small variations in the microchannel geometry during fabrication, each
microfluidic device formed droplets at different vertical heights in the channel. In order to
minimize the difference (yo) of the position of the droplet mid-plane and the centerline of the
channel, precise control of the droplet height was achieved through the injection or withdrawal
of continuous phase fluid from an inlet positioned above the microchannel and downstream from
the droplet formation zone.[12] This height adjustment was made in order to produce images
similar to Fig. 1e and 1f, in which the microscope is focused on the mid-plane of the channel.

2.3 Interfacial tension measurements
Each experiment involves recording the age, shape, and internal circulation of droplets as they
convey near the centerline of a rectangular microfluidic channel. The microchannels used in this
study had typical dimensions of 1500 µm width by 300 µm height in the wide portion of the
channel, giving an aspect ratio of 5. The channel featured multiple 5:1:5 constriction/expansion
zones which facilitated the measurement of the liquid-liquid interfacial tension. Upon entering
the constriction, the fluid accelerated and an extensional flow was present on the centerline of the
channel. This extensional flow acted to distort the droplet. By balancing this (known) force with
the interfacial restoring force, the interfacial tension can be determined simply by measuring the
droplet shape and its position as a function of time as described in detail previously.[11,12,17]
This acceleration occurs during a period typically of approximately 30 ms. This is very short
compared to the age of the interface (typically seconds). As we illustrate in later calculations,
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flow may cause gradients in interfacial tension. Such gradients are small here and have
negligible effect on the ellipsoidal deformation measured here to evaluate interfacial tension.
Instead, those gradients should induce higher-order deformation modes (viz., 4th order), which
have not been evaluated here. In context then, these interfacial tension measurements
approximate the instantaneous average value over the surface of the drop.
A custom-built LabVIEW routine utilized a high-speed camera (Redlake HG100-k, with
12 µm pixel size) to automatically track the droplets and their deformation while entering a
constriction. The interfacial tension was calculated based on analysis of the acquired images
(eight-bit grayscale, 1504 x 400 pixels). The constrictions were placed in varying positions
along the channel, allowing for dynamic time-point measurement of the interfacial tension as a
function of interface age. The range of interface age accessible in the current devices was
approximately (0.5 to 20) s. A more detailed description of the data acquisition, analysis, and
interfacial tension calculation can be found elsewhere.[12]

2.4 Internal circulation measurements
Fluid circulation inside the droplets is revealed through the use of micron-sized tracer particles.
For particle velocimetry, a series of high-speed images were captured (typically a few hundred),
and from those images, an individual series of (smaller) images of each analyzed droplet were
extracted. These individual images were extracted based on the droplet’s center of mass,
yielding a series of images of the droplet flowing down the channel that are in the reference
frame of the droplet. The position of the tracer particles was tracked with time as the droplet
flowed through the wide portion of the channel just prior to the constrictions such that the
observed circulation profiles can then be correlated to the measured interfacial tension. The xcomponent of the circulation velocity, vx(i), is measured in the reference frame of the droplet at
any point i in the droplet and non-dimensionalized by the droplet velocity vd in the laboratory
frame and scaled by (2a/h)2, where a is the droplet radius and h is the microchannel height.
The heights (i.e., positions along the optic axis) of the droplets, tracer particles, and bounding
walls of the channel were determined using microscope focus. At a given focus setting, the
depth of field is given by[18,19]
d=

λhv n2 − NA2
NA2

+

p ,
M NA

(1)
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where λhν (550 nm) is the wavelength of light, n (1) is the refractive index between the lens and
object, NA (0.40) is the numerical aperture, p (12 µm) is the pixel size on the chip, and M (32 x)
is the magnification. Given these parameters, d = 4.1 µm, i.e., objects within ± 2.0 µm are
generally considered to be in focus. Tracer particles within this depth appear dark, since they
scatter light strongly. The position of other objects can be identified with slightly greater
precision, since their image changes qualitatively at focus. Specifically, for an object in the
depth of field, it is surrounded by a fine fringe that is either dark or bright, whether it is above or
below the focal plane. Nevertheless, finite depth of field causes uncertainty in the observation
position and thus of the viscosity measurements based on it.
In our experiments, it was convenient to measure the circulation velocity of the droplet’s fluid
at two locations on the mid-plane of the droplet (y = 0): at the center of the droplet (point C in
Fig. 1d) and the edge of droplet (points A or B in Fig. 1d). As discussed in the next section, we
chose these locations for our velocimetry measurements because the effects of dilation and shear
are separable at these locations and the velocity at point C depends on dilation only and not on
shear when the droplet is flowing on the channel centerline.
The locations A or B chosen for velocimetry depended on the optical characteristics of the
droplet and continuous phases. This is illustrated in Fig. 1e-g. By design, the ethylene
glycol/water droplet had a refractive index similar to the silicone oil continuous phase, allowing
for visualization of the tracer particles near the droplet interface (see Fig. 1e). In this nearly
“index-matched” case, velocimetry at the droplet center (at point C, ●) and edge (at two A
points, ▲) can be performed by capturing a single image sequence of the mid-plane of the
droplet as it travels down the channel.
However, many systems of interest may have substantially different indices of refraction. For
example, in a pure water droplet in mineral oil, the tracer particles at the droplet’s mid-plane near
the interface cannot be resolved (see Fig. 1f). Once again, we want to measure velocities at both
the interface and the interior in order to sample the dilation and shear interfacial effects.
Velocimetry must thus be performed on image sequences captured at different planes of focus:
the velocity at the droplet’s center is obtained from images captured at the mid-plane (y = 0;
point C in Fig. 1f) whereas the velocity at the droplet’s edge is obtained from images of the B
regions of the droplet (e.g., Fig. 1g). These B regions at y = ± a experience equivalent forces
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when the droplet is flowing on the channel centerline. Differences in velocity at y = ± a would
thus suggest that the droplet is not on the centerline, i.e. y0 is finite (see Appendix A).

3. THEORY
Ultimately, we are interested in relating the internal circulation measurements to the interfacial
rheology of the system and investigating how the circulation and rheology changes with
surfactant concentration.

3.1 Viscous interfacial effects
Recently[13] we found that if the interface may be described as purely viscous, particle
velocimetry at only two points in the droplet is sufficient to determine the magnitudes of the
dilational and shear Boussinesq numbers, Bqd and Bqs, which are measures of the relative
strength of the interfacial viscous forces to the bulk viscous forces acting from the continuous
phase at a fluid interface:

µs
κs
, Bq d =
,
ηa
ηa
where µ s is the surface (interfacial) shear viscosity, κs is the surface (interfacial) dilational
Bq s =

(2)

viscosity, a is the droplet radius and η is the viscosity of the continuous fluid phase (200 mPa-s
for silicone oil).
As described in detail elsewhere,[13] analytic solutions for the flow patterns within the viscous
droplets are attainable under the assumptions that the droplet remains spherical, and Stokes flow
conditions are assumed for the bulk fluids. The solution to the Stokes equations about a sphere is
given in terms of vector spherical harmonics and a plane unbounded Poiseuille flow is used to
force the system. Adopting the Boussinesq-Scriven constitutive law for a viscous Newtonian
interface, expressions for the slip velocity and velocity components at locations on and within
the droplet are found as a function of viscosity contrast and shear and dilational Boussinesq
number (eq. 3 and 4 below).
The magnitude of the dilational Boussinesq number can be found by measuring the velocity of
the fluid at the center of the droplet (i.e., point C):
v x (C ) 0 =

1
,
( 2 + 2 Bq d + 3λ )

(3)
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where λ is the viscosity ratio of the droplet phase to the continuous phase. The superscript 0
signifies that the interface is purely viscous, i.e. without Marangoni effects.
To determine the shear Boussinesq number, the velocity may be measured at either the A or B
points,
vx ( A) 0 =

where ν

= 7 (1 + λ ) + 12 Bq + 10 Bq
d

s

(

3 4 + 4 Bq + λ

vx ( B ) = −
0

5
s

)
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(

3 4 + 4 Bq s + λ

−

)

1
2 + 2 Bq + 3λ
d

−

+

1
2 + 2 Bq d + 3λ

7
12ν
−

7
3ν

,

(4)
,

. These equations are then solved for Bqs [13]:

Bq s =

5
λ
− − 1.
0
0
(16vx ( A) + 4vx ( B) + 20vx (C ) ) 4

(5)

0

When Bqd is very large, vx(C)0 is zero and eq. 4 state that vx(A) 0 and vx(B)0 are equal and
opposite. From spherical harmonic analysis, it is known that vx(C)0 is proportional to the
(compressible) dilational modes of circulation in the droplet, consistent with eq. 3, and vx(A)0
and vx(B)0 depend also on the (area-incompressible) shear modes.[13] Schematics of these two
circulation modes are illustrated in Fig. 1b and 1c. The area-incompressible mode (Fig. 1c)
comprises vortices that intersect the center of the droplet. When the modes are added together,
these vortices intersect only the y-axis, and the position of these stagnations along y depends on
Bqd and Bqs.[13] These modes remain symmetric front to back (i.e., ± x), as long as Marangoni
effects are absent.

3.2 Elastic interfacial Marangoni effects
In addition to viscous effects at the interface, elastic effects are typically relevant, depending
on the nature of the surfactant in the system. As described earlier[13], the same spherical
harmonic approach was employed for dynamic interfacial rheology predictions at finite
Marangoni number Ma and surface Peclet number Pe.
The Marangoni number Ma is the ratio between the dimensionless elasticity and capillary
numbers, Ma = E/Ca, and it determines the magnitude of surfactant concentration gradients on
the surface of the droplet. The elasticity number

E = ( ∂σ ∂Γ ) Γ σ

measures the normalized

sensitivity of interfacial tension σ to interfacial surfactant monolayer concentration Г. A good
approximation of E is typically Π/σ (Appendix B), where Π is the interfacial pressure (σ0-σ), the
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reduction of interfacial tension from the clean interface in the absence of any surfactant. Here
we describe the variation of the surface tension as a linear perturbation about its equilibrium:

σ = σ eq + Ma ( Γeq − Γ ) RT ,

(6)

where the subscript eq denotes the uniform values of interfacial tension and concentration in
equilibrium with the adjacent surroundings. Ca = η v0 ( 2a h ) σ is the capillary number, where
2

v0 is the (laboratory frame) flow velocity in the center of the channel and h is the channel depth
(along y). Ca here ranges from 0.004 to 0.016. Surface tension non-linearity is an issue only
when gradients in interfacial concentration are relatively large, i.e. at relatively large Ca and
moderate to low Ma.[20–22] When Ma is sufficiently large, even modestly above 1 (see [20]),
the gradients are small enough that the linear approximation is valid. That is, the interfacial
tension may strongly disobey the 2D ideal gas law, but deviations are small enough to be
described entirely by Eq. 6.
The Peclet number Pe is the ratio of convective to surface diffusive mass transport. Diffusive
transport of course acts to dissipate the surfactant concentration gradients. Other mass transport
processes may also act in parallel through the bulk. Although such processes are not modeled
here directly, a qualitative understanding of the effects of mass transfer are assumed from surface
diffusion, which is a surrogate for these other mechanisms as well, as discussed in more detail
below. The surfactant evolution equation,
∂Γ
∇2Γ
+ ∇ ⋅ ( vΓ ) + Γ ( v ⋅ nˆ ) ∇ ⋅ nˆ −
= 0,
∂t
Pe
was integrated numerically (as described previously[13] using Mathematica, Wolfram Research)
for Ma ranged from 0 to 300 and Pe from 10-4 to infinity, as appropriate for the two surfactant
systems studied here. Detailed calculations are being reported in another publication; here we
report some essential characteristics caused by Marangoni effects and the results that are most
relevant to the experimental data.
As insinuated in the previous section, Marangoni effects induce fore-aft asymmetry of several
manifestations. The first form of asymmetry is in surfactant concentration Г and thus of σ. This
asymmetry further induces fore-aft asymmetry of droplet circulation. Most significant here is the
introduction of another stagnation point within the droplet, which lies on the x-axis and towards
the rear of the droplet, and at the same time, the two stagnation points noted previously are
shifted slightly towards the nose. The location of the stagnation point along the x-axis is
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(7)

quantified by xs, the normalized deviation of the stagnation point from the center of the droplet.
As seen in Fig. 2, the Marangoni-induced stagnation point is near to point C (i.e., droplet center,
such that xs ≈ 0) when both Ma and Pe are large; the stagnation point approaches the tail of the
droplet when either is small (such that xs → 1). The position xs is influenced only very weakly
by Bqd and Bqs. These viscosities significantly affect the magnitude of internal circulation, and
Bqd significantly influences the fore-aft asymmetry of Г, but the influence of interfacial viscosity
on fore-aft asymmetry of the circulation pattern is negligible. To determine the magnitude of
Marangoni effects independent of interfacial viscosity, it is necessary to quantify this asymmetry.
In principle, the velocity at any point along the x-axis may be adequate and need not be the point
xs where the velocity is zero. Equivalently, the flow gradient ∂v ∂x may be measured at the
origin.

Fig. 2. Normalized stagnation point position (xs) v. 1/Pe, calculated when Ma = 1, 10, 100; Bqs
= Bqd = 0. Lines are included to guide the eye.

Marangoni elasticity also reduces the circulation velocity at the center of the droplet. Detailed
results will be described elsewhere. When Ma and Pe are sufficiently large, the velocity at the
droplet center approaches zero, as expected when dilational modes are arrested. Marangoni
effects do not influence interfacial shear circulation modes significantly, particularly when Ma is
greater than 10, and thus Eq. 5 remains valid, even when the superscript 0 is dropped.
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4. EXPERIMENTAL RESULTS AND DISCUSSION
Two surfactant-stabilized systems were investigated in this study. We will first discuss the
droplets stabilized by adsorption of diblock copolymer (bcp) molecules to the droplet/oil
interface. Droplets stabilized by the small-molecule alcohol surfactant (butanol) showed more
complex behavior and will be discussed afterwards.
The main experimental objective is to measure interfacial rheology as a function of interfacial
composition. We use interfacial tension here to indicate the interfacial composition. Since the
concentrations of surfactant adjacent to the interface are quasi-equilibrated by kinetic sorption
processes, the interfacial tension measured at a given interface age is a useful measure of the
instantaneous average surfactant concentration adjacent to the interface.

4.1 Rheology of bcp-stabilized droplets
Nearly index-matched, aqueous droplets (40% mass fraction ethylene glycol) containing (0 to
1.0) mmol/L concentrations of PDMS-EO diblock copolymer (bcp) were investigated in the
microchannel apparatus. The interfacial tension of the droplets was recorded as a function of
time as the droplets flowed down the length of the microchannel (Fig. S.1). Over a 12 s
experimental observation window, the interfacial tension decreased at short times before
reaching an approximate plateau at longer times, i.e., as the interface aged and bcp adsorption
occurred. Greater concentrations of bcp resulted in reduced values of interfacial tension. This
behavior is consistent with the energetically favorable expectation of adsorption of the bcp at the
aqueous droplet/oil interface: thermodynamics dictate that the ethylene oxide blocks remain in
the aqueous phase while the PDMS blocks insert into the silicone oil phase, leading to a stable
reduction in interfacial tension.
The circulation velocities measured at the edge and center of the droplets, vx(A) and vx(C)
respectively, are displayed in Fig. 3 as a function of the corresponding interfacial tension of the
droplet. In essence, Fig. 3 shows that the dilational deformation behavior is arrested for the bcpstabilized droplet (vx(C) is near zero for the bcp-containing droplets) and circulation is
dominated by the shear deformation type only. Negative velocities indicate motion of the tracer
particles in the –x direction (in the reference frame of the droplet). Such behavior is most likely
driven by the close proximity of a stagnation point, thought to be near the center of the droplet.
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For each data point, the reported velocity is an average of at least three separate velocity
measurements from at least three different droplets; error bars represent one standard deviation
of the multiple measurements. The spread in the measurements at each bcp concentration most
likely results from a finite value of y0 for some droplets, i.e., slight deviation of some droplets
from the centerline of the flow.

Fig. 3. Velocimetry data for bcp-stabilized aqueous droplets in silicone oil; open symbols
indicate vx(A) and closed symbols indicate vx(C). The concentration of bcp in the droplet is
varied: 0 mmol/L (●,○), 0.05 mmol/L (■,□), 0.1 mmol/L (closed/open ‘diamond’), and 1 mmol/L
(closed/open ‘triangle’). Error bars represent one standard deviation of the multiple
measurements.

As seen in Fig. 3, vx(A) depended only weakly on interfacial tension (i.e., bcp concentration),
and thus, the average velocity over all values of the interfacial tension can be determined for
each bcp concentration and used to estimate the interfacial shear viscosity (see Table 1). From
the values of Bqs in Table 1, we see that there was no significant change observed in the
interfacial shear viscosity of the droplets from the addition of bcp (except perhaps at 1 mmol/L).
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Table 1. Measured velocity and calculated shear Boussinesq numbers (Eq. 5), interfacial shear
viscosities (Eq. 2), and Marangoni numbers for aqueous droplets containing a range of diblock
copolymer concentrations. Reported values are (averages ± one standard deviation) over the
range of interfacial tensions observed at each bcp concentration.
Conc. bcp vx(A)

Bqs

µ s (x10-6) Ma*
Pa-s-m

mmol/L
0

0.302 ± 0.040 0.28 ± 0.19 2.7 ± 1.9

60

0.05

0.305 ± 0.029 0.33 ± 0.11 2.9 ± 1.0

200

0.1

0.318 ± 0.042 0.28 ± 0.17 2.5 ± 1.5

240

1.0

0.285 ± 0.025 0.45 ± 0.11 4.0 ± 1.0

280

*Ma is calculated using the approximation E = Π/σ.

As noted above, the small values of vx(C) observed in Fig. 3 indicate that interfacial dilation is
largely arrested. Dilation can be arrested by either substantial Bqd or Ma and Pe (discussed
qualitatively above), i.e., either viscous or elastic effects. If arrested by interfacial viscosity
alone, then Bqd ranges from approximately 15 to 50 (calculated from Eq. 3), i.e., much greater
than Bqs. Although dilational and shear interfacial viscosities have not been measured yet for
bcp surfactants, previous measurements with small molecule surfactants indicated that Bqd was
never orders of magnitude greater than Bqs,[23,24] and we suppose that it is not the case here
either. Therefore, Marangoni suppression of dilation is here very plausible. Specifically, Ma is
very large when bcp is present (Table 1; estimated O(100)). Even modest values of Pe (O(1))
are thus sufficient to suppress dilation.
Dilation is also suppressed even when the nominal surfactant concentration is zero. Marangoni
effects are implicated again, because a sizeable interfacial pressure remains. Specifically, from
pendant droplet tensiometry, the presence of tracer particles in a 40% mass fraction ethylene
glycol/water droplet in the same oil leads to a reduction of interfacial tension from (30.5 ± 0.4)
mN/m to (30.0 ± 0.1) mN/m for a system with tracer particles. A residual surface-active impurity
thus accompanies the PS tracer particle solution. Ma therefore remains considerable (60) and
able to largely suppress dilation. Similar interfacial pressure and Marangoni effects are present
when the concentration of ethylene glycol is 50% mass fraction.
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4.2 Rheology of butanol-stabilized droplets
Index-matched, aqueous droplets (50% mass fraction ethylene glycol) initially containing (0 to
6.8) % mass fraction butanol were investigated in the microchannel apparatus. The interfacial
tension of the droplets as a function of time displayed more complex behavior than the bcpcontaining droplets (see Fig. S.2). Immediately after formation of the droplet, adsorption of the
butanol to the interface occurred causing a rapid decrease in tension by the time of the first
measurement, a more rapid response than observed with the larger and more dilute bcp
molecules. And unlike the bcp, butanol is also soluble in the oil phase and is thus extracted from
the droplet into the continuous phase. This extraction process, which continues as the droplet
flows through the channel, caused an increase in interfacial tension with time,[12] which was
convenient for exploring transient effects within the time window accessible by the current
approach.
The velocities measured at the center and edge of the butanol-stabilized droplets are displayed
in Fig. 4 as a function of the interfacial tension of the droplet. For each point, the reported
velocity is an average of at least 3 separate velocity measurements from at least 3 different
droplets; error bars represent one standard deviation of the multiple measurements. When
butanol is present, a range of circulation velocities are observed, depending strongly on the
interfacial composition, with vx(C) and vx(A) increasing and decreasing respectively with
increasing butanol concentration.
From the velocimetry results, Bqs was calculated from Eq. 5; the results are displayed in Figure
5 as a function of interface age. Bqs is small and specifically smaller than the values observed
for bcp-stabilized interfaces (reported in Table 1). Furthermore, Bqs decreases during the butanol
extraction process (i.e., as the droplet ages), suggesting that butanol removes the impurity from
the interface as it desorbs. At longer interfacial age, Bqs is essentially zero within experimental
uncertainty. We assume that Bqd is likewise small and also below our current sensitivity.[23,24]
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Fig. 4. Velocimetry measurements at the droplet’s center (a) and edge (b) for (0 to 6.8) % mass
fraction butanol-stabilized aqueous droplets in silicone oil. The velocities expected for a clean,
fully mobile interface are indicated by the dotted line. Error bars indicate one standard deviation
of repeated measurements.

Fig. 5. Shear Boussinesq numbers for (0 to 6.8) % mass fraction butanol-stabilized aqueous
droplets in silicone oil. However, at large age the values determined for Bqs are negative, a nonphysical result. Symbols correspond to legend in Fig. 4a.
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The relationship of mass transfer, Marangoni forces, and internal droplet circulation is
illustrated further in Fig. 6 for droplets containing increasing concentrations of surfactant. The
top row of Fig. 6 contains three particle streak images obtained experimentally from integrating
approximately 100 frames of video sequence taken at a rate of 1000 Hz as the droplets convey
through the wide segments of the microchannel (x-z plane). In each image, a stagnation point is
observed along the horizontal x-axis; as introduced previously, the deviation of the stagnation
point from the droplet’s center is quantified by xs and displayed graphically in Fig. 6 for the three
different butanol concentrations (numbered data in the plot corresponds to numbered droplet
images in top row of Fig. 6). The second row of Fig. 6 displays the corresponding theoretical
streamlines in the x-z mid-plane of a droplet when Ma = 10 and Pe equals 0.1, 1, and 5; the third
row illustrates sections in the orthogonal x-y plane of the droplet.
From Figure 6, we observe that when mass transfer is very rapid (when surfactant
concentration is high, i.e., small effective Pe,), the Marangoni-induced stagnation point is located
near the droplet tail which corresponds to xs approaching unity. This stagnation point moves
closer to the droplet center as the mass transfer rate slows down. The simulations, while
reproducing the observed circulation patterns, are not meant to be an exact correspondence, nor
to measure Ma or Pe, since experimentally mass transfer of surfactant is known to occur in the
bulk,[12] whereas the simulations consider the surfactant to be confined to the interface. The
increase of mass transfer rate when surfactant concentration is high and the corresponding
increase in dilation rate (related to increasing vx(C) in Fig. 4a) has been observed and established
previously and is called remobilization.[25,26] When surfactant concentration is high, rapid
desorption at the droplet tail and adsorption at the nose cause the interfacial concentration to
remain nearly uniform (as illustrated by the closed loops in Figure 6) and thus permit dilational
circulation to take place.
When surfactant is soluble in one of the phases, exchange of surfactant between the interface
and the bulk occurs by transport to or from the interface and adsorption/desorption at the
interface. In this circumstance, the ratio of interfacial to bulk concentrations (Г/c) defines a
length scale, which represents the distance through which surfactant mass transfer occurs. This
length scale is important for evaluating characteristic time scales[27] and coalescence rates[28]
in emulsions. In the present case, the appropriate length scale is larger because the butanol
surfactant is not confined to one side of the interface. The amount adsorbed to the interface is no
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longer simply Г but a characteristic flux through the interface. This difference must be
considered for proper modeling of bulk mass transfer. In the absence of modeling, experiments
such as those reported here remain useful comparisons.

Fig. 6. Tracer particle streak images in the x-z mid-plane of a droplet (first row,, a = 45 µm) and
flow-field simulations in the x-z plane (second row) and x-y plane (third row) display the
observed and theoretical circulation behavior of droplets containing increasing amounts of smallsmall
molecule surfactant (butanol) from right to left. Deviation off the stagnation point with respect to
the droplet center is displayed as a plot of xs v. interfacial tension. The simulated interfacial
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concentration of surfactant is represented by a closed loop, whose radius is a (1 + 10 δГ/Γeq),
overlaid on the simulation snapshots in the second and third row; as the concentration of
surfactant increases, the distribution of surfactant at the interface becomes increasingly uniform.

5. IMPLICATIONS AND FUTURE DIRECTIONS
As illustrated by the results displayed in Fig. 6, sorption rates can govern dilational flow rates,
motivating future theoretical calculations that relate dilational droplet circulation velocities to
bulk and interfacial surfactant mass transport properties and thereby establishing another method
to determine interfacial sorption coefficients or diffusivities. A droplet-based approach for
measurements of these dynamics is of great interest, since the size of the droplet selects the
prevailing mass transfer mechanisms.
Consistent with many surfactant-stabilized emulsions utilized in real-world applications, the
interfacial viscosities investigated here are small and close to the limit of measurement
sensitivity. To improve measurement precision, more accurate velocimetry is required.
Currently the particle position is determined by choosing the darkest pixel and the spatial
resolution is approximately the size of the particle, since this darkest pixel may be anywhere
within the shadow of the particle. With these constraints, the current minimum measureable
velocity is approximately 5 µm/s. To achieve greater accuracy, a different algorithm should be
employed that would determine the particle position with sub-pixel accuracy using a particle
shape fitting function.[29] Such approaches are better suited to fluorescence microscopy.[30]
Another important improvement would be to explore a wider range of interfacial deformation
rates. Interfacial deformation rates are approximately (vx(A) - vx(B))vo(2a/h)2/2a for shear and
vx(C)vo(2a/h)2/a for dilation. In the current bcp experiments, these are roughly 5 s-1 and 0.1 s-1,
respectively, deformation rates that are much slower compared to any molecular relaxation rates
(e.g., Rouse relaxation). Lower deformation rates are of particular interest for understanding
emulsion and coalescence behavior. Much lower rates are not practical with the current flowthrough approach utilizing small droplets. However, if flow is actuated pneumatically, instead of
by means of syringe pumps, the flow rates can be adjusted much more rapidly and it is likely that
small droplets may be produced at higher rates and then examined downstream at lower rates, or
even with oscillatory forcing.
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In the future, it is desirable to extend droplet-based measurements of interfacial rheological
parameters to the study of viscoelastic membranes and vesicles. Such techniques would allow
for these capsule-like bodies to be measured in a spherical geometry and on size scales that are
similar to biological scales. Thus, interfacial rheological properties such as compressibility and
membrane mobility could be studied in a more natural way without resorting to planar
geometries or more invasive techniques such as capsule aspiration and optical tweezing.
Vesicle-based microfluidic measurements of interfacial rheology could be especially useful to
evaluate the behavior of smart and functional polymer vesicles.[31–33] In particular, the
controlled, high-throughput measurements that are achieved utilizing microfluidic technology
would be ideal for biomedical and drug-design applications.

6. CONCLUSIONS
In summary, the circulation velocities and in turn the dilational and shear interfacial properties
were found to be continuous functions of the interfacial composition and age of aqueous ethylene
glycol droplets in a silicone oil continuous phase with surfactant. Both interfacial dilational and
shear properties can be measured on small droplets typical of those employed in many
applications. The diblock copolymer surfactant yields a higher viscosity interface than does the
small molecule surfactant (butanol). Both surfactant-stabilized interfaces exhibit Marangoni
forces and therefore suppress dilation deformation much more than shear. A new Marangoniinduced stagnation point is also identified theoretically and observed experimentally. Even weak
elasticity associated with a surface-active impurity can significantly suppress dilation. We
anticipate that increased availability of such shear and dilational interfacial rheological properties
will lead to improved rules of thumb for emulsion preparation, stabilization, and general practice.
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APPENDIX A. Sensitivity of velocities to errors in measurement position
In this section, we will determine the sensitivity of the velocity at a point on and within the
droplet to errors in the location of measurement (x, y, z) or of the position of the droplet (y0) off
the centerline of the flow. Given the full analytical solution for the fluid velocity,[13] we
evaluate the Taylor series expansion of the velocity around a point. For example, at the center of
the droplet, the sensitivity of the x-component of the velocity, δvx(C), is given by

δ vx (C ) =

∂vx
∂y

y+
C

∂vx
∂z

z+
C

∂vx
∂y0

y0 +
C

∂vx
∂x

x +L

(8)

C

Similar expressions for the uncertainty at points A and B can be found and are not given here.
We have scaled the problem using the radius of the droplet as the characteristic length. Inserting
the expressions for the x-component of the velocity at positions A, B, and C give
2

7

6

5
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−
+
 ( z − 1) ,
3  12 Bq d + 10 Bq s + 7λ + 7 2 Bq d + 3λ + 2 4 Bq s + λ + 4 
2 
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 y.
2 ( 5 + 6 Bq d + 4 Bq s + 5λ ) 
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A more useful demonstration of the results from these equations which is applicable to this
study is to examine the limit of large Bqd (and small Bqs and λ). In this limit,

δ vx ( A) = − ( 5 6 ) δ z,

(12)

δ vx ( B) = − ( y0 − 5 6 ) δ y,
δ vx (C ) = y0 δ y.

(13)
(14)

It is interesting to note that the variations at point C are second order in deviations but A and B
are first order, implying they are more sensitive to the measurement position. Sensitivity in the
measurement of Bqd can in turn be obtained from Eq. 3, giving

1
δ vx (C ).
2vx (C ) 2
For large Bqd, it is clear that δBqd / Bqd = δvx(C) / vx(C), which again points to large uncertainties

δ Bo d =

when vx(C) is small.
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(15)

For droplets on the centerline of the flow, the equivalence of the droplet’s internal velocity at
the B points of Fig. 1d was verified with experiments utilizing the block copolymer surfactant.
From images that looked similar to Fig. 1e where the droplet radius, a, was equal to (48.3 ± 1.3)
µm, the average dimensionless velocity of the B points was vx(B) = - 0.312 ± 0.032 at y = + a
and -0.277 ± 0.020 at y = - a. The differences in velocities at ± a, together with the relationships
discussed above suggest that the displacement y0 from the mid-plane is approximately 0.017 a,
i.e., 0.8 µm. This result is plausible, since it is within the depth of field (± 2.0 µm). That it
should be smaller is also reasonable because deviations of droplet center above and below are
signaled by changes in contrast at the droplet edge. Based on the velocity uncertainties, the
relations here suggest that deviations in measurement position are approximately ± 2.0 µm,
comparable to the size of the tracer particles. The negative value of the velocity at points B is a
consequence of being in the droplet frame of reference; the streamlines adjacent to y ± a travel
more slowly than the droplet. The velocities at A and B are moreover essentially equal and
opposite, consistent with nearly zero dilation, as discussed in the results section. Thus, the
magnitude of the velocity at the edge of a droplet located on the centerline of the flow can be
accurately measured at either the A or B points.

APPENDIX B. Approximation of elasticity number

To illustrate the suitability of the approximation E ≈ Π/σ, we explore it in context of the
Langmuir model, which has the following relationship between interfacial tension and interfacial
concentration.

σ = σ 0 + kBT Γmax ln (1 − Γ Γmax )
Using the definition E = ( ∂σ

∂Γ ) Γ σ

(16)

, we compute the following ratio,

Πσ
(1−Γ
= ln (1 − Γ Γ max ) max
Ε

Γ)

,

(17)

which equals unity at small Γ, and decreases ever more sharply as Г approaches Гmax. For
example, the ratio is 0.69 and 0.25 when Г/Гmax equals 0.5 and 0.9, respectively. This
approximation therefore provides an order of magnitude estimate over much of the range of
interfacial concentration. If such an estimate is adequate, this approximation is very attractive
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since it involves only interfacial tension measurements and does not require any knowledge of
the interfacial concentration. A similar expression may be derived for the Frumkin isotherm.
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SUPPORTING INFORMATION

Supplemental Fig. S.1. Interfacial tension as a function of time for 0 to 1 mmol/L bcp-

stabilized droplets in silicone oil. Open symbols indicate the interfacial tension that is measured
from shape changes as a droplet accelerates in extensional flow within the microchannel. The
duration of such a measurement is approximately 30 ms, i.e., instantaneous compared to the age
of the interface. Closed symbols indicate the equilibrium interfacial tension for bcp-stabilized
droplets in silicone oil estimated from separate pendant drop tensiometry experiments (t ~ 104 s).
Only the droplets containing the largest surfactant concentration (1 mM) attained during
migration through the microchannel a tension equivalent to this equilibrium value. Droplets with
lower concentration approach an equilibrium value that has higher tension, since adsorption to
the interface is sufficient to deplete the internal concentration of the droplet. An approximate
value of the interfacial concentration of bcp at maximum packing is 1 x 10-6 mol/m2. A 50 µm
drop has a surface area of approximately 3 x 10-8 m2 and can thus adsorb approx. 3 x 10-14 mol of
bcp. At 1 mM concentration, the amount contained in solution is 5 x 10-13 mol, more than an
order of magnitude more than the amount that can be adsorbed to the interface. For the lower
concentrations however the amount dissolved in the droplet is comparable to that adsorbing to
the interface and thus the concentration in the drop becomes depleted and a somewhat higher
interfacial tension results.

26

Supplemental Fig. S.2. Interfacial tension as a function of time for (0 to 6.8) % mass fraction

butanol-stabilized droplets in silicone oil. Open symbols indicate the interfacial tension
measurements obtained from droplet shape changes within the microchannel. Closed symbols
indicate the minimum value of the interfacial tension obtained during separate pendant drop
tensiometry experiments; this minimum tension was reached at times of O(100-1000 s), beyond
which the measured tension increased towards the equilibrium tension value of the pure droplets
(~ 27 mN/m), as butanol escaped from the droplet, transferred to the oil and eventually
evaporated.
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HIGHLIGHTS
•

Freely suspended droplets studied in plane Poiseuille flow of a microchannel.
microchannel

•

Particle tracking employed to determine internal flow-field of droplet.

•

Circulation is described theoretically, function of viscous
scous and elastic effects.
effects

•

Increasing mass transfer rates shifts the droplet’s internal stagnation point.

•

May lead to a new droplet based interfacial rheology method.

GRAPHICAL ABSTRACT

28

